Abstract. Drug abuse involving dextromethorphan, an antitussive, has been a social problem in various geographic locations since the 1960s. Ironically, high doses of the drug confer neuroprotective activity with central nervous system and behavioral effects. Accumulating evidence suggests that metabolism to phencyclidine-like dextrorphan is not essential for the neuroprotective activity of dextromethorphan. Here, we review the neuroprotective properties of dextromethorphan and its potential for abuse and the potential neuroprotective effects of the drug's analogs and 3-hydroxymorphinan, a metabolite of dextromethorphan. These compounds may provide a novel therapeutic direction for the treatment of neurodegenerative diseases such as convulsive or parkinsonian-like disorders.
Dextromethorphan (DM), a representative morphinan, is a centrally acting drug that increases the cough threshold, and it has been available for this indication in the United States since 1954. DM works via non-opioid receptors. Consistent with this, the opioid antagonist naloxone does not reverse the activity of DM, and codeine does not have significant activity at highaffinity DM binding sites (1) . A potential advantage of DM is its lack of gastrointestinal side effects, such as constipation, and it causes less central nervous system (CNS) depression than opioids when used as antitussives at the usual doses. However, high doses of DM have psychotropic effects, occasionally prompting its abuse.
Dextromethorphan abuse
The common side effects of excessive doses of DM include a dry mouth, tachycardia, a warm feeling, and the inability to concentrate. At doses exceeding 120 mg or about 2 mg / kg of body weight (about 10 times the therapeutic dose), DM has phencyclidine (PCP)-like effects. These include the induction of an out-of-body dreamy state, disorientation, depersonalization, confusion, somnolence or stupor, impaired coordination, agitation, distorted movement and speech, and dissociative anesthesia. Visual hallucinations are common after taking high doses (>2.5 mg / kg) (2 -4); and case reports have described the recreational abuse of DM in the United States, Sweden, Australia, Germany, and Korea (5 -8) . Abuse seems to occur primarily among adolescents and young adults, who can obtain the drug easily. Sixteen case reports of acute DM intoxication appear in the literature, although most of these ingestions were unintentional (7) . In Sweden, two deaths were reported as a result of DM ingestion (5) . With an acute overdose, the primary symptoms are related to the CNS and include altered mental status, ataxia, and nystagmus. Supportive care seems to be all that is necessary (7).
Dextromethorphan-induced behavioral side effects in animals
In mice, prolonged exposure to an oral neuroprotective dose of DM produces behavioral suppression followed by behavioral tolerance. Prenatal exposure to DM produces hyperlocomotor activity in the offspring of mice. When these offspring receive additional DM, they demonstrate marked behavioral depression (9). Mice exposed to prolonged oral DM show impaired B cell function and natural killer cell cytotoxicity, which is similar to the immunosuppressive effects of PCP (10) .
As summarized in Fig. 1 , DM is metabolized primarily to dextrorphan (DX) by O-demethylation and to a lesser extent, to 3-methoxymorphinan (3-MM) by Ndemethylation. Both metabolites are further demethylated to 3-hydroxymorphinan (3-HM). Urinary recovery studies in humans and rats indicate that DX and 3-HM are excreted largely (>95%) as glucuronide conjugates. The pharmacology of 3-MM is not significant, and it does not have major behavioral side effects. We have observed that 3-HM has antiparkinsonian effects with behavioral safety (see the section below on antiparkinsonian potential).
The major metabolite DX has neuroprotective potential (11) . DX has a lower affinity than DM at the [ 3 H]DM binding site (1), but has a higher affinity than DM at the PCP receptor (12) and produces PCP-like discriminative stimulus effects (13) . Therefore, the behavioral side effects of DM could be the consequence of the conversion of DM to DX. The extent of the metabolic conversion of DM to DX is highly dependent on the route of administration (14) . That is, considerable DX is formed when DM is administered intraperitoneally (i.p.), whereby it is absorbed into the hepatic portal circulation, while less DX may be formed when DM is administered subcutaneously (s.c.), which avoids first-pass metabolism by the liver. However, Holtzman (15) reported that DM at 30 mg / kg, s.c. has PCP-like discriminative effects of its own that are independent of the conversion to DX. These are most easily appreciated in vitro when metabolism is not an important issue. In addition, ample evidence indicates that DM has effects of its own that are independent of conversion to DX. Interestingly, DM (15) and DX (13) substituted com- pletely for PCP in rats trained to distinguish PCP from saline, and DM also substituted for DX in pigeons trained to discriminate DX from saline (16) . Therefore, the route of administration is an important determinant in the deposition of DM and its metabolites, as well as its behavioral effects. Other factors should also be considered in any behavioral studies of DM, including the dosage, time of testing, and capacity of glucuronidation (see Table 1 ).
Effects of DM on the abusive drug-mediated behavioral effects
Dextromethorphan alters the behavioral response induced by several drugs of abuse, including morphine, methamphetamine, and cocaine. DM (25 mg / kg, i.p.) decreases methamphetamine self-administration in rats, but does not affect the response to a food reward (17) . In addition, the coadministration of DM (20 mg / kg, i.p.) with methamphetamine (2 mg / kg, i.p.) attenuates the methamphetamine-induced conditioned place preference (CPP) and behavioral sensitization (18) . Pretreatment with DM (20 mg / kg, s.c.) potentiates the effects of acute morphine, while it attenuates the effects of chronic morphine on dopamine release in the nucleus accumbens (17, 19) .
Pulvierenti et al. (20) demonstrated that DM (25 mg / kg, i.p.) reduces cocaine self-administration at various doses (0.12, 0.25, and 0.5 mg / kg per 2 h infusion) in rats, which is in line with our previous finding (21) . However, we are the first to report that DM (40 mg / kg, p.o.) increases the rate of reinforced responses to lower doses of cocaine (0.06 and 0.03 mg / kg per infusion) (21) . Therefore, DM shifts the dose-response curve for cocaine self-administration to the left, which suggests a sensitized response to the reinforcing effects of cocaine. Consistently, DM (i.p. route) has a biphasic effect on cocaine-induced CPP. DM decreases the CPP for high doses of cocaine and increases the CPP for low doses (22) . Furthermore, we found that DM exerts biphasic effects on the locomotor stimulation induced by cocaine, and the locomotor activities parallel the Fos-related antigen immunoreactivity in the striatal complex of mice (23) . Therefore, the cocaine-induced behavioral response is influenced by preexposure to DM, although the responses might be regulated by the route, period, interval of administration, or the animal model.
Anti-ischemic potential
Choi (24) reported the first evidence for a neuroprotective action of DM, and demonstrated that DM protects primary neurons exposed to glutamate from cell death. Interestingly, novel analogs of DM have been described as antagonists of glutamate-induced excitotoxic calcium channel signals in neurons. One such analog, the 3-amino-17-methylmorphinan derivative AHN649, is a safe and effective neuroprotective agent with a similar potency but improved safety profile compared to DM (25) (see Table 1 , and Figs. 2 and 3) .
Several in vivo models of ischemic brain injury have shown that treatment with DM protects the brain against infarction and the related pathophysiological and functional consequences of injury (26, 27) . In particular, comprehensive studies undertaken with the rodent focal ischemia / reperfusion injury model have shown the potent ability of DM to decrease the volume of cerebral infarction and improve functional recovery following injury (25) .
Anticonvulsant potential
Our studies (28 -33) have revealed that DM has a significant anticonvulsant effect. DM reduces the seizures and mortality and decreases the cell loss in the CA1 and CA3 regions of the hippocampus in a dosedependent manner. DM also attenuates the kainic acid (KA)-induced increases in AP-1 DNA-binding activity and C-Jun/ Fos-related antigen (FRA) expression in the hippocampus, suggesting that DM is a potent protectant against KA convulsions. We examined the effects of a series of synthesized DM analogs (Fig. 2) that are safe behaviorally (29, 32 -34) and modified in positions 3 and 17 of the morphinan ring on maximal electroshock convulsions (MES) in mice (32) . We found that DM, the major DM metabolite dextrorphan (DX), 3-allyloxy-17-methylmorphinan (AM), and 3-cyclopropylmethoxy-17-methylmorphinan (CM) had anticonvulsant effects against MES, while other DM metabolites, such as 3-methoxymorphinan (MM) and 3-hydroxymorphinan (3-HM), showed no anticonvulsant effects (32) . We also observed that DM, DX, AM, and CM have high affinity to sigma 1 receptors, while they all have low affinity to sigma 2 receptors. DX has relatively higher affinity for phencyclidine (PCP) sites compared to DM. In contrast, AM and CM have very low affinities for PCP sites, suggesting that PCP sites are not required for their anticonvulsant actions (31, 32) . Our results suggest that our DM analogs are promising anticonvulsants that lack behavioral side effects, and their anticonvulsant actions may be, at least in part, mediated via sigma 1 receptors (32, 33) . We have also demonstrated that another DM analog, dimemorfan (DF), has a promising anticonvulsant effect with negligible behavioral side effects (33) (see Table 1 and Figs. 2 and 3 ).
Antiparkinsonian potential
Dextromethorphan potentiates the effects of levodopa and D 1 agonists in reserpine-treated mice (35) , although the results of human studies conflict. The results of an open study of 11 parkinsonian patients reported by Bonucelli et al. (36) suggested that high doses (180 mg / kg per day) of DM can improve some parkinsonian features (especially tremor and rigidity). In contrast, the results from Montastruc et al. (37) were disappointing. In their first series of ten patients, treatment with DM (90 mg daily) failed to relieve any PD symptoms, while in another group of eight parkinsonian patients, the drug (180 mg daily) remained either ineffective or induced major intolerable side effects (sedation, dizziness, and dysesthesia). Overall, the study did not confirm the positive results obtained by Bonucelli et al. (36) .
Liu et al. (38) reported that DM protects dopaminergic (DA) neurons against inflammation-mediated degeneration. DM significantly attenuates the lipopolysaccharide (LPS)-induced reduction in the number of DA neurons. The mechanism of the neuroprotective effect of DM in the PD model may be associated with the inhibition of microglial activation, but not with its N-methyl D-aspartate (NMDA)-receptor antagonistic property. We also observed that 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced neuronal loss was significantly attenuated in mice receiving daily injections of DM (34) .
After screening a series of DM analogs, the DM metabolite 3-HM emerged as a novel candidate for the treatment of PD (34, 39) . We demonstrated that 3-HM is more potent in neuroprotection against the neurotoxicity induced by LPS or MPTP (34). 3-HM protects against LPS-induced DA neurotoxicity and is also neurotrophic to DA neurons in primary mixed mesencephalic neuronglia culture (34, 39) . Therefore, 3-HM provides potent neuroprotection by acting on two different cell targets: it has a neurotrophic effect on dopaminergic neurons and an anti-inflammatory effect on microglial activation. Compared to DM, the advantage of 3-HM is its neurotrophic effect, which may enhance the sprouting of DA terminal fibers in the striatum. In addition, 3-HM has an anti-inflammatory effect (34) and inhibits the microgliosis generated by the damaged DA neurons induced by MPTP/ MPP + . Therefore, the administration of 3-HM to MPTPinduced in vivo and in vitro PD models is beneficial for both reducing DA neuronal degeneration in the substantia nigra pars compacta (SNpc) and restoring the depletion of biogenic amines in the striatum through its dual functions -the neurotrophic effect and reduction in reactive microgliosis -thereby providing considerable neuroprotection (see Table 1 and Figs. 2 and 3 ).
Conclusions
As an antitussive, DM is reported to have no CNS effects, which is an ideal characteristic. However, to achieve a neuroprotective effect, the dose of DM is much higher than the antitussive dosage. Clinically, high doses of DM induce psychotropic effects. Furthermore, DM is sought by drug-seeking teenagers in various geographic locales.
Our novel analogs of DM exhibit improved potency, efficacy, and safety as potential anticonvulsants, while DM exerts its neuroprotective actions with narrow beneficial effects. In particular, 3-HM, a metabolite of DM, offers potentially potent neuroprotective action in multiple inflammatory disease models by exerting a neurotrophic effect and inhibiting the microglial activation associated with the production of a host of proinflammatory and neurotoxic factors. Therefore, these morphinans may offer a new therapeutic direction as promising compounds for the treatment of neurodegenerative disease.
